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Soluble SV40 capsid proteins were obtained by expression of the three late genes, VP1, VP2, and VP3, in Sf9 cells using
baculovirus expression vectors. Coproduction of the capsid proteins VP1, VP2, and VP3 was achieved by infecting Sf9 cells
with the three recombinant baculovirus species at equal multiplicities. All three proteins were found to be localized in the
nuclear fraction. Electron microscopy of nuclear extracts of the infected cells showed an abundance of SV40-like capsid
structures and heterogeneous aggregates of variable size, mostly 20–45 nm. Under the same staining conditions wild-type
SV40 virions are 45 nm. The capsid-like particles sedimented in glycerol gradients similarly to authentic wild-type SV40
virions. Pentamers of the major capsid protein VP1 were also seen. Protein analysis on sucrose gradients demonstrated
that the capsid-like particles can be disrupted by treatment with the reducing agent dithiothreitol and the calcium chelator
EGTA. The capsid-like particles were found to be significantly less stable than SV40 virions and were partially stabilized
by calcium ions. Understanding the complex interactions between the capsid proteins is important for the development of
an efficient in vitro packaging system for SV40 virions and pseudovirions. q 1997 Academic Press
INTRODUCTION of VP1. The pentamers have identical conformations, ex-
cept for the carboxy-terminal arms, which tie them to-
SV40 is a small, double-stranded DNA papovavirus gether, with potential additional contribution from diva-
with a minichromosome of 5.2 kb (Tooze, 1981). The viral lent cations and disulfide bonds. It appears that this con-
capsid is composed of three viral-encoded proteins, VP1, struction facilitates the use of identical building blocks
VP2, and VP3, that encloses the minichromosome. En- in the formation of a structure that is sufficiently flexible,
capsidation occurs by gradual addition and organization as required for the variability in packing geometry. It has
of capsid proteins around the chromatin (Garber et al., been suggested that accurate assembly in the nucleus
1980). The viral proteins VP2 and VP3 are thought to of infected cells may require participation of chaperone
bridge between the viral chromatin and the VP1 capsid proteins, to prevent or to reverse the folding back of the
shell. The carboxyl-terminal part of VP3 has been shown C-terminal arms (Liddington et al., 1991).
to interact in vitro with VP1 (Gharakhanian et al., 1988). SV40 is an attractive potential vector for gene therapy,
An additional viral late protein is the agnoprotein, or LP1, with high efficiency gene transfer into a wide variety of
coded by the leader region of the late 16S mRNA. This human tissues, including the bone marrow (Oppenheim
small (61 amino acids) protein was found to mediate et al., 1992). Plasmids carrying the desired gene and the
SV40 ori and ses (Oppenheim et al., 1992) are encapsi-efficient localization of VP1 to the nuclear region (Cars-
dated as SV40 pseudovirions and transmitted into thewell and Alwine, 1986; Resnick and Shenk, 1986) and to
target cells by viral infection (Oppenheim et al., 1986,facilitate release of mature virus from the infected cells
1987). The constructs require only 200 bp of SV40 DNA.(Resnick and Shenk, 1986).
Thus plasmids carrying over 95% human DNA are effi-Cryoelectron microscopy and image reconstruction
ciently packaged as SV40 pseudovirions and transferreddemonstrated that the SV40 capsid displays a lattice
into human cells. We have previously shown that oversymmetry of an irregular, T 7 (dextro) icosahedron of 72
30% of primary human BM cells and 42% of K562 cellscapsomers, 60 of which are hexavalent (six-coordinated)
became infected with pseudovirions carrying a reporterand 12 are pentavalent (five-coordinated) (Baker et al.,
gene (Oppenheim et al., 1986). Recent experiments using1988). Virion stability has been shown to depend upon
the human gene for multidrug resistance, MDR1, demon-Ca2/ ions and disulfide bonds (Christensen and Rach-
strated that over 99% of primary human bone marrowmeler, 1977; Brady et al., 1980). X-ray crystallographic
cells infected at a low m.o.i. (1–2) effectively expressedstudies at 3.8 A˚ resolution (Liddington et al., 1991) re-
a functional MDR1 protein (Rund et al., in preparation).vealed that the outer shell is composed of 72 pentamers
Furthermore, SV40 is known to be capable of infecting
nondividing cells, a major limitation of many retroviral
vectors used for gene transfer into human hemopoietic1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (972-2)-6423067. E-mail: ariella@cc.huji.ac.il. stem cells.
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Preparation of pseudovirions in vitro will provide maxi- respective genes were produced using the BaculoGold
kit (kindly provided by PharMingen). Wild-type SV40mal safety for therapeutic purposes, since all steps of their
preparation will be well controlled. Toward this end, we strain 776 was grown in CV1 cells which are African
green monkey kidney cell-line, permissive for SV40have cloned and expressed the three capsid proteins in
Escherichia coli. However, expression in E. coli, as gluta- (ATCC CCL70). Viral stocks were harvested by repeated
freeze–thaw and chloroform treatment.thione S-transferase (GST) fusion proteins (Smith and
Johnson, 1988), led to the production of insoluble inclusion
bodies (Tomer, 1993). Here we describe the production Preparation of nuclear and cytoplasmic fractions
and properties of these proteins produced in a eukaryotic,
Cytoplasmic and nuclear fractions were separated byinsect cell expression system. These studies serve as a
centrifugation following treatment with 10% NP-40. Nu-basis for the development of in vitro packaging of SV40
clear extracts were prepared by shaking the nuclei in avirions and pseudovirions, as an experimental system to
buffer containing 20 mM HEPES, pH 7.9, 0.4 M NaCl, 1study the assembly process and for vector development
mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and 1for gene therapy (Sandalon et al., 1997).
mM Leupeptin (Schreiber et al., 1989). DTT, PMSF, and
Leupeptin were added just before use.MATERIALS AND METHODS
Preparation of antibodies Electron microscopy
VP1, VP2, and VP3 were expressed as fusion proteins Samples were adsorbed onto Formvar-carbon-coated
to GST in E. coli (Smith and Johnson, 1988). The three copper grids and stained with 1% phosphotungstate, pH
GST-fusion capsid proteins were used to raise polyclonal 7.2. The samples were viewed in a Philips CM-12 elec-
antibodies in rabbits. Antibodies against GST-VP1 did tron microscope, using a voltage of 100 kV, and photo-
not cross-react with VP2 and VP3 (data not shown). As graphed at a magnification of 160,000.
expected, antibodies against GST-VP2 or GST-VP3 re-
acted both with VP2 and VP3 (the VP3 coding sequence Western blot analysis
is nested within the VP2 gene) and did not cross-react
with VP1 (data not shown). Proteins were separated on 12% SDS–PAGE and then
electrotransferred onto a nitrocellulose membrane
Construction of recombinant baculovirus transfer (Shleicher & Schuell) using 11 Tris-Glycine buffer (20
plasmids mM Tris-base, 200 mM Glycine, 20% Methanol). The
membrane was blocked by treatment with 5% BSA in 11We cloned SV40 DNA fragments into the plasmid vec-
TTBS buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 0.1%tors pVL1393 (PharMingen, San Diego, CA), derived from
Tween 20) overnight at 47. The immunoblots wereAutographa californica nuclear polyhedrosis virus
washed with 11 TTBS/0.1% BSA and incubated with the(AcMNPV) (Luckow and Summers, 1988). In these vec-
appropriate antibody for 2 hr at room temperature. Ators expression of the foreign gene is driven by the strong
second anti-rabbit IgG antibody conjugated to alkalinepromoter for the viral occlusion protein, polyhedrin
phosphatase (Promega) was added and incubated for an(Luckow and Summers, 1988; Summers and Smith, 1988).
additional hour at room temperature. The membrane wasThe genes for the capsid proteins were cloned into
washed twice with 11 TTBS/0.1% BSA and the signalpVL1393 as follows: VP1 was cloned by introducing a
was developed using alkaline phosphatase assay (Pro-StuI–BclI DNA fragment (SV40 coordinates 1463–2770)
mega). Quantification was performed with Fuji Imagerinto the plasmid cleaved by restriction endonucleases
using Scion Image 1.54 software.SmaI and BglII. The VP2 gene was cloned by ligating a
HincII–EcoRI fragment (519–1782) between the SmaI
Glycerol gradient sedimentation studiesand EcoRI sites. The VP3 gene was cloned by using a
Sau3AI–EcoRI fragment (873–1782) and the BamHI and Nuclear extracts (10–15 ml) were placed on top of a
EcoRI sites of pVL1393. The structures of the three re- 4.5-ml 15–35% glycerol gradient (in 50 mM Tris–HCl, pH
combinant plasmids were confirmed by restriction analy- 7.2, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 mM EGTA,
sis after propagation in E. coli. Sequence analysis was 1 mM PMSF, 1 mM leupeptine) with 0.5 ml of 2 M sucrose
performed for the recombinant plasmids carrying VP2 cushion, prepared in the same buffer. The tubes were
and VP3. centrifuged for 16 hr at 40,000 rpm in a Beckman SW
50.1 rotor at 47. For MW markers we used 150 mg horse
Cells and viruses
cytochrome C (12.7 kDa), 10 units horseradish peroxi-
dase (44 kDa), 150 mg bovine hemoglobin (64.5 kDa),Spodoptera frugiperda (Sf9) cells were grown as
monolayer cultures at 277 in Grace’s insect medium con- and 150 mg bovine liver catalase (247 kDa). Fractions
(150 ml) were collected from the bottom of the tubetaining lactalbumine and yeastolate (Biological Indus-
tries, Israel). Recombinant baculovirus carrying the three and analyzed by 12% SDS–PAGE and Western blotting.
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The SV40 proteins were produced in Sf9 cells, infected
at a multiplicity of 10 PFU/cell, and grown at 277. Kinetic
studies showed increasing levels of each of the SV40
proteins from 3 to 6 days postinfection. Cells were har-
vested and the soluble proteins were analyzed by SDS–
PAGE (Laemmli, 1970) followed by Coomassie blue
staining and by Western blotting (Harlow and Lane, 1988)
using antibodies raised against the corresponding GST-FIG. 1. Expression of the SV40 capsid proteins in insect cells. Pro-
fusion protein. Antibodies against GST-VP1 identified ateins were harvested 4 days postinfection with the respective recombi-
protein with the expected molecular weight (43 kDa) andnant AcMNPV expressing VP1, VP2, or VP3. An extract of 104 –105 of
infected Sf9 cells was analyzed on 12% SDS–PAGE and Western blot- with the same mobility as the control SV40 wt VP1 (Fig.
ting. (A) Proteins were detected with anti GST-VP1 antibodies. M, mo- 1A). These antibodies did not cross-react with VP2 and
lecular weight markers; C, control SV40 capsid proteins from SV40
VP3 (not shown). As expected, antibodies against GST-infected CMT4 cells; lane 1, mock-infected Sf9 cells; lane 2, AcMNPV-
VP3 reacted both with VP2 (40 kDa, Fig. 1B, lane 3) andVP1-infected cells. (B) Proteins were detected with anti GST-VP3 anti-
VP3 (28 kDa, lane 2) and did not cross-react with VP1bodies which also cross react with VP2. M, markers; C, control SV40
capsid proteins; lane 1, mock-infected Sf9 cells; lane 2, AcMNPV-VP3- (lane 4). VP3 translation initiates from an internal AUG
infected cells; lane 3, AcMNPV-VP2-infected cells; lane 4, AcMNPV- within the VP2 coding sequence, utilizing the same trans-
VP1-infected cells. The arrows indicate the SV40 proteins.
lational frame. Thus, both proteins are expressed in cells
infected with the recombinant baculovirus which carries
the VP2 gene (lane 3).
Molecular weights were calculated according to Martin
Localization of the recombinant proteins in Sf9 cellsand Ames (1961).
Sf9 cells infected with the recombinant baculovirus
Sucrose gradient analyses were harvested 3 days postinfection. The nuclear and
cytoplasmic fractions were analyzed by SDS–PAGE andSamples were placed on top of 5–35% sucrose gradi-
immunoblotting with anti GST-VP1 and anti GST-VP3. Theents prepared in 10 mM Tris–HCl, pH 7.4, 150 mM NaCl,
three proteins were found to be each in the respectivewith a 2 M sucrose cushion, and centrifuged (SW 50.1
nuclear fraction (Fig. 2, lanes 3, 5, and 7). The VP2-recom-rotor) at 35,000 rpm for 120 min at 47. Fractions were
binant baculovirus also expressed VP3, as explainedcollected from the bottom analyzed on 12% SDS–PAGE
above. Analysis of cells coinfected together with thefollowed by Western blotting.
three recombinant baculovirus demonstrated presence
of the three proteins in the nuclear fraction (Fig. 2, laneRESULTS
9). In this experiment low level of VP1 was also seen in
the cytoplasm (lane 10). Immunoprecipitation experi-Expression of SV40 capsid proteins in insect cells
ments with GST-VP1 also showed nuclear localization of
As production of the capsid proteins in E. coli led to VP1 (not shown).
insoluble products (Tomer, 1993), we have chosen, for
this study, to express the proteins in insect cells. Plas- The three capsid proteins assemble spontaneously to
mids pVL1393VP1, pVL1393VP2, pVL1393VP3 were con- form SV40-like particles
structed as described under Materials and Methods. Re-
Electron microscopy of nuclear extracts of infected Sf9combinant baculovirus carrying each of the genes encod-
cells showed an abundance of SV40-like capsid struc-ing VP1, VP2, and VP3 were produced using the
BaculoGold kit (kindly provided by PharMingen). The
technique relies on homologous recombination between
the plasmid and a modified type of baculovirus with a
lethal deletion. Each of the recombinant plasmids were
cotransfected, together with linearized DNA of the defec-
tive baculovirus, into S. frugiperda (Sf9) cells. Recombi-
nant virus AcMNPV-VP1, AcMNPV-VP2, and AcMNPV-
VP3, expressing the corresponding capsid protein, were
harvested 4 days later, according to the protocol supplied
by the manufacturer. To obtain high titer stocks each
FIG. 2. Localization of the recombinant capsid proteins within therecombinant virus was amplified by three cycles of infec-
cells. Nuclear and cytoplasmic fractions were prepared from Sf9 cellstion of freshly seeded Sf9 cells (Summers and Smith,
harvested 3 days postinfection. 5 mg of protein was analyzed by 12%
1988). The final titers of the three recombinant baculovi- SDS–PAGE and Western blotting. The proteins were detected with a
rus stocks were 2–4 1 108 PFU/ml, as measured by the mixture of anti-GST-VP1 and anti-GST-VP3 antibodies. Nuc, nuclear
extracts; Cyt, cytoplasmic fraction.plaque assay.
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FIG. 3. Self-assembly of SV40 capsid proteins in insect cells. Samples were adsorbed onto Formvar-carbon-coated copper grids and stained
with 1% phosphotungstate, pH 7.2. The samples were viewed in a Philips CM-12 electron microscope, using a voltage of 100 kV, and photographed
at a magnification of 160,000. The bar represents 50 nm. Top: Three fields of nuclear extracts of SF9 cells infected with three recombinant
baculovirus, expressing VP1, VP2, and VP3. Bottom: wt SV40, shown for comparison.
tures and heterogeneous aggregates of variable size, mented cellular Sf9 DNA, as recently reported for poly-
omavirus VP1 expressed in Sf9 cells (Gillock et al., 1997).mostly 20–45 nm (Fig. 3, top). Such particles were not
seen in control nuclear extracts prepared from unin- As expected the 200S peak (corresponding to assembly
intermediates) was absent from the Sf9 nuclear extracts.fected Sf9 cells. Under the same staining conditions wild-
type SV40 virions are 45 nm with well defined boundaries The results demonstrate that VP1 molecules readily form
pentamers and high molecular weight structures. The(Fig. 3, bottom). Occasionally, smaller, presumably empty
or defective particles, are also seen in SV40 wt stocks. latter is consistent with the EM analysis described above.
An additional peak was observed at the bottom of theCapsid structures and aggregates similar to those shown
here were also seen in samples prepared from VP1- sucrose cushion (Fig. 4A).
Similar experiments, performed with nuclear extracts ofinfected Sf9 cells (not shown), suggesting that VP1 alone
can self-assemble into virion-like particles. cells containing the three capsid proteins (Fig. 4B),
showed that the three proteins cosedimented together in
the glycerol gradients forming a 240S peak. Furthermore,Properties of the capsid-like structures
the three proteins were represented in the peak at about
Sedimentation experiments were performed using the same proportions as in wt SV40, suggesting that these
glycerol gradients, with nuclear extracts from infected structures are similar to virion particles. These structures
cells, and with wt SV40 virions as a control. The fractions probably also contain fragmented Sf9 cellular DNA, as
were analyzed by Western blotting using antibodies explained above. In addition, peaks corresponding to VP1
against the three capsid proteins VP1, VP2, and VP3. In pentamers (10S, 210 kDa) and to VP2 monomers (3.5S,
the SV40 gradient three peaks were obtained corre- 40 kDa) were also seen. An additional peak was also
sponding to 240S, 200S, and 10S (Fig. 4C). The first two observed at the bottom of the gradient (Fig. 4B).
peaks contain the three capsid proteins. They represent
mature virions (240S) and assembly intermediates (200S) Interactions between the capsid proteins
(Brady et al., 1980; Fanning and Baumgartner, 1980). The
10S peak contains VP1 only. Its molecular weight is 210 Sedimentation of SV40 virions through glycerol gradi-
ents was found to lead to extensive degradation andkDa, suggesting that it contains pentamers.
VP1 present in nuclear extracts of VP1-infected cells loss of infectivity (data not shown). Therefore we used
sucrose gradients to study factors affecting the interac-also sedimented as240S and10S (Fig. 4A). The 240S
peak probably represents particles containing frag- tions between the capsid proteins in the nuclear extracts.
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We investigated the roles of Ca2/ and of S-S bonds,
previously suggested to participate in stabilizing the vi-
rion (Liddington et al., 1991), by the addition of CaCl2 ,
EGTA, and DTT. In these experiments, SV40 virions or
Sf9 nuclear extracts containing the three proteins were
pretreated with the appropriate reagent and then placed
on top of a sucrose gradient. Treatment with CaCl2 was
performed on ice, and with EGTA and DTT at 337. The
results are summarized in Fig. 5. SV40 wt virions sedi-
mented to the 2 M sucrose cushion (Fig. 5A). Pretreat-
ment with 10 mM CaCl2 (B) and with 20 mM EGTA (C)
did not affect the sedimentation significantly. However,
treatment with 20 mM DTT resulted in partial disruption
of the virions (D). Complete disruption was achieved by
treatment with 20 mM DTT and 20 mM EGTA (E). Preincu-
bation of the virion particles with 10 mM CaCl2 for 30
min at 47 led to significant protection against dissociation
by 20 mM DTT and 20 mM EGTA (F).
The virion-like particles produced in insect cells sedi-
mented as two peaks, one of which appears to be lighter
than wt SV40 (compare Fig. 5G to 5A). It is possible that
this is due to the absence of DNA from these particles.
The heavier peak presumably represents particles con-
taining fragmented cellular Sf9 DNA (Gillock et al., 1997).
The virion-like particles were found to be significantly
less stable than genuine SV40 virions. They completely
dissociated upon treatment with 20 mM EGTA (Fig. 5I)
or with 20 mM DTT (J) for 30 min at 337. Pretreatment
with 10 mM CaCl2 led to partial protection of the particles
from dissociation by EGTA / DTT (L).
DISCUSSION
Recombinant SV40 capsid proteins produced in insect
cells were found to be present in the nuclei of infected
cells. EM studies demonstrated their self-assembly into
SV40-like capsid structures and heterogeneous aggre-
gates of variable size, mostly 20–45 nm (Fig. 3). The size
variability probably reflects the absence of packaged DNA
or minichromosomes. We have previously observed the
formation of capsid-like structures of variable size when
the late proteins were produced at a high level in monkey
cells transfected with linear DNA segment, in the absence
of complete SV40 (or plasmid) molecules (Sandalon, 1990).
rotor. The MW markers were: bovine Catalase, 247 kDa, 11.3S; bovine
hemoglobin, 64.5 kDa, 4.46S; horseradish peroxidase, 44 kDa, 3.85S;
and horse cytochrome C, 12.7 kDa, 2.1S. Fractions were collected from
the bottom of the tube and analyzed on 12% SDS–PAGE followed by
Western blotting. Quantification was performed using Fuji Imager in
conjunction with Scion Image 1.54 software. The bottom of the tube,
washed with the same buffer, is represented by fraction 0. Sedimenta-
tion coefficients and molecular weights were calculated from the linear
FIG. 4. Sedimentation of the capsid proteins in glycerol gradients. plot of the S20, w and MW values of the markers. (A) Nuclear extracts
Nuclear extracts of Sf9 cells infected by AcMNPV-VP1 or coinfected of VP1-infected Sf9 cells. (B) Nuclear extracts of VP1 / VP2 / VP3-
by AcMNPV-VP1, AcMNPV-VP2, and AcMNPV-VP3 were layered onto infected Sf9 cells. (C) SV40 wt virions. (A) Analyzed with anti GST-VP1
15–35% glycerol gradient with a 2 M sucrose cushion, together with antibody. (B and C) Analyzed with a mixture of anti GST-VP1 and anti
MW markers, and centrifuged for 18 hr at 47 at 40,000 rpm in an SW50.1 GST-VP3 antibodies.
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After infection of monkey cells with SV40, the capsid
proteins are rapidly transported to the nucleus (Tooze,
1981). Nuclear localization signals were mapped to the
amino terminal 19 amino acids of the major capsid pro-
tein VP1 (Wychowski et al., 1986; Ishii et al., 1996) and
the 9 amino acids at the carboxy terminal of VP2 and
VP3 (Wychowski et al., 1987; Clever et al., 1991). Our
results showed that the SV40 capsid proteins expressed
in insect cells, either separately or together, were present
in the nuclear fraction (Fig. 2), indicating that these sig-
nals are functional in the insect cells.
There is considerable homology between the caspid
proteins of polyomavirus and SV40. Polyomavirus VP1
was also shown to carry a nuclear localization signal at
its amino terminus (Moreland et al., 1991; Chang et al.,
1992) and to be efficiently transported into the nucleus
when expressed in Sf9 cells (Montross et al., 1991; For-
stova et al., 1993). However, in the absence of VP1, poly-
omavirus VP2 and VP3 remained in the cytoplasm (For-
stova et al., 1993). These proteins were found in the
nucleus only following coinfection with VP1, suggesting
that their transport into the nucleus is mediated by com-
plexing with VP1 (Forstova et al., 1993).
In SV40, the three capsid proteins are expressed from
a single promoter with complex regulatory controls, in-
cluding several transcription start sites and alternative
splicing. This arrangement is probably important for the
expression of the three proteins at the desired propor-
tions (Sedman et al., 1989). Coproduction of the capsid
proteins VP1, VP2, and VP3 in Sf9 cells was performed
by infecting with the three baculovirus species at equal
multiplicities. Therefore the ratio of the three proteins in
the nuclear fraction was not expected to be in the correct
proportion for particle formation. Importantly, the capsid-
like structures which self-assembled in the nuclei ap-
peared to contain the three proteins in a similar propor-
tion to wild-type SV40 (Fig. 4B, peak I). This is in contrast
to the fraction at the bottom of the glycerol gradient,
where VP1 appears to be relatively deficient. These find-
ings provide additional support for the resemblance of
these capsid-like structures to authentic virion particles.
Interestingly, excess VP1, not assembled in the capsid-
like structures, sedimented as pentamers (peak III).
It has been previously shown that SV40 virions can be
disrupted by treatment at an alkaline pH, with the reduc-
ing agent dithiotheritol (DTT) and/or the calcium chelatorFIG. 5. Interactions between the SV40 capsid proteins. Left panels,
SV40 wt virions. Right panels, nuclear extracts from AcMNPV-VP1-, EGTA (Christensen and Rachmeler, 1977; Brady et al.,
AcMNPV-VP2-, and AcMNPV-VP3-infected Sf9 cells. Samples were in- 1980; Moyne et al., 1982; Colomar et al., 1993). Ca2/
cubated with the appropriate reagent and layered onto 5–35% sucrose appear to stabilize the interactions between pentamers
gradients. Centrifugation was for 120 min at 47 at 35,000 rpm in an
(Liddington et al., 1991). The role of disulfide bonding isSW50.1 rotor. Fractions were collected from the bottom of the tube and
less clear. It has been suggested that disulfide bondsanalyzed by 12% SDS–PAGE followed by Western blotting using anti
GST-VP1 antibodies. Quantification was performed using Fuji Imager are formed between cysteins of neighboring pentamers
in conjunction with Scion Image 1.54 software. (A, G) Control. (B, H) (Liddington et al., 1991), stabilizing postpentameric com-
Treated with 10 mM CaCl2 for 30 min at 47. (C, I) 20 mM EGTA for 30 plexes (Gharakhanian et al., 1995). Consistent with previ-
min at 337. (D, J) 20 mM DTT for 30 min at 337. (E, K) 20 mM DTT /
ous studies (Colomar et al., 1993), our experiments show20 mM EGTA for 30 min at 337. (F, L) Samples were incubated with 10
that virions may be disrupted by 20 mM DTT at neutralmM CaCl2 for 30 min at 47 followed by the addition of 20 mM DTT, 20
mM EGTA, and reincubation for 30 min at 337. pH. Complete dissociation of the particles into pentam-
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Garber, E. A., Seidman, M. M., and Levine, A. J. (1980). Intracellularers occurred at 20 mM DTT/20 mM EGTA. Preincubation
SV40 nucleoprotein complexes: Synthesis to encapsidation. Virologywith 10 mM Ca2/ significantly stabilized the association
107, 389–401.
between the capsid proteins, supporting that Ca2/ stabi- Gharakhanian, E., Sajo, A. K., and Weidman, M. K. (1995). SV40 VP1
lizes interpentameric bonding. assembles into disulfide-linked postpentameric complexes in cell-
free lysates. Virology 207, 251–254.The virion-like particles are significantly less stable
Gharakhanian, E., Takahashi, J., Clever, J., and Kasamatsu, H. (1988).than SV40. This finding suggests that under the experi-
In vitro assay for protein-protein interaction: Carboxyl-terminal 40mental conditions described here, the final step in the
residues of simian virus 40 structural protein VP3 contain a determi-
formation of a stable particle is not accomplished. This nant for interaction with VP1. Proc. Natl. Acad. Sci. USA 85, 6607–
may be due to the different environment in Sf9 nuclei 6611.
Gillock, E., Chang, R., Cai, S., Smiley, K., and Consigli, R. (1997). Poly-(such as the lack of specific proteins) or the absence of
omavirus Major Capsid Protein VP1 Is Capble of Packaging Cellularthe viral minichromosome, or both. This issue requires
DNA When Expressed in the Baculovirus System. J. Virol. 71, 2857–further studies.
2865.
In conclusion, we have shown that the SV40 late genes Harlow, E., and Lane, D. (1988). ‘‘Antibodies: A Laboratory Manual.’’
VP1, VP2, and VP3, expressed in insect cells, are soluble, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
Ishii, N., Minami, N., Chen, Y. E., Medina, L. A., Chico, M. M., and Kasa-stable, and capable of self-assembly. This experimental
matsu, H. (1996). Analysis of a nuclear localization signal of simiansystem provides the basis for the development of in vitro
virus 40 major capsid protein VP1. J. Virol. 70, 1317–1322.packaging of SV40 virions and pseudovirions for gene
Laemmli, E. K. (1970). Cleavage of structural proteins during the assem-
therapy. Additional studies (Sandalon et al., 1997) demon- bly of the head of bacteriophage T4. Nature 277, 680–685.
strated that the virion-like particles described here may Liddington, R., Yan, Y., Moulai, J., Sahli, R., Benjamin, T., and Harrison,
S. (1991). Structure of simian virus 40 at 3.8-A resolution. Nature 354,be successfully used for packaging SV40 or plasmid DNA
278–284.in vitro. Clarification of the factors affecting viral assembly
Luckow, V. A., and Summers, M. D. (1988). Trends in the developmentis critical for increasing the packaging efficiency and the
of baculovirus expression vectors. Bio/Technology 6, 47–55.
design of improved vectors for gene therapy. Martin, R., and Ames, B. (1961). A method for determining the sedimen-
tation behavior of enzymes: Application to protein mixtures. J. Biol.
Chem. 236, 1372–1379.ACKNOWLEDGMENTS
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